Prompt analysis of elemental and isotopic information from post-detonation nuclear debris is critical for rapid attribution analysis. In this work, the capabilities of dissolution methods that use ammonium bifluoride (ABF, NH 4 HF 2 ) and pressurized microwave digestion with HF acid are reported for NIST Surrogate Post-detonation Urban Debris (SPUD). Elemental concentration and isotope ratios were measured using inductively coupled plasma mass spectrometry. The SPUD material was also analyzed for U concentration using instrumental neutron activation analysis. The ABF dissolution method with a 10:1 ABF to sample ratio and the pressurized microwave digestion methods resulted in comparable results.
Introduction
Post-detonation nuclear debris contains radionuclides and isotopic signatures that are useful for attribution analysis. In a ground level detonation, the radionuclides of interest are heavily diluted into vitrified terrestrial material. The extreme conditions in a nuclear fireball and the chemistry of the actinides and fission products results in elemental and isotopic fractionation. A robust sampling plan is expected to produce many samples for elemental and isotopic analysis of actinides, fission products, and activation products which need to be processed in a timely manner to direct response efforts [1] [2] [3] .
Radionuclides in bulk debris samples can be measured using a variety of techniques, including mass spectrometry to count atoms and radiometric spectroscopy to count decay radiation. Samples must be dissolved prior to liquid ICP-MS, alpha spectroscopy, and other radiometric spectroscopy methods. ICP-MS is particularly valuable for rapid screening of samples since it has multi-element and isotope ratio detection capability, high sample throughput, and increased sensitivity for long-lived radionuclides such as 238 U and 235 Th. Urban nuclear debris will largely consist of a vitrified mixture of concrete, steel, borosilicate glass, and other construction materials. Dissolution methods for refractory minerals fusion with ammonium biflouride (ABF) and wet digestion with acid that includes HF or ABF. Several authors have reported on dissolution of refractory minerals using fusion with ABF at 125°C in open and closed vessels [4] [5] [6] . At temperatures higher than 220°C ABF decomposes into ammonia and HF vapors. Wet chemical dissolution of samples containing silicates require the use of HF. In addition to fusion, ABF has also been used in conjunction with HNO 3 and indirect sonication to dissolve refractory minerals at 55°C in polypropylene tubes [7] . Dissolution methods with ABF and HF acid can result in loss of volatile fluorides, such as SiF 4 , BF 3 , and AsF 3 or formation of insoluble fluoride precipitants, including Ca, Mg, rare earth elements, and Th [8, 9] . One strategy to avoid losses from fluoride volatility or precipitation is to add H 3 BO 3 following the initial dissolution step with HNO 3 and HF. Multistep, wet chemical digestion methods using mixtures of HF and HNO 3 , followed by addition of H 3 BO 3 have been widely used to dissolve siliceous minerals for multi-element analysis by ICP-MS [9] . The initial digestion takes place with HF, HNO 3 in a pressurized microwave digestion vessel at temperatures up to 190-220°C. The digestion vessels are cooled to room temperature and an aliquot of H 3 BO 3 is added. The role of the H 3 BO 3 is to mask fluoride ions by formation of hydroxyl-fluoroborate ions and HBF 4 . The H 3 BO 3 addition also dissolves precipitated fluorides of Ca, Mg, Sr, Ba, U, and rare-earth elements [9, 10] .
The impetus for conducting this study was to test established and emerging rapid dissolution methods against a surrogate nuclear debris material. In this work we compare ABF fusion, microwave digestion with HNO 3 , HF, and H 3 BO 3 , and indirect sonication with ABF and HNO 3 for digestion of post detonation nuclear debris. The ABF based dissolution are interesting because they do not require transport or handling of HF acid and they can be carried out inexpensively using inexpensive PFA or PTFE vessels and a hot plate. The ABF sonication dissolution method requires a high power sonication system and has lower throughput than the other methods. However, the method can be carried out using polypropylene, which is an advantage. The microwave digestion method requires a microwave digestion system and throughput is limited to the number of rotors available in the system.
The dissolution techniques were applied to the candidate reference material, Surrogate Post-detonation Urban Debris (SPUD) produced by scientists at the National Physical Laboratory in the United Kingdom [11] . This material is NIST candidate standard reference material 4600 and 4601. The SPUD is a vitrified material with 90% of elements originating from concrete and 10% from steel. Following dissolution, the samples are analyzed by ICP-MS. The elemental and isotopic composition of the dissolved samples are compared between dissolution methods. The concentration of Fe, U, and the 235 U/ 238 U isotope ratio are also compared to values measured by instrumental neutron activation analysis (INAA).
Experimental

Reagents
Trace metal grade HNO 3 and HCl were purchased from Fisher Scientific. Trace metal grade ABF was obtained from Sigma-Aldrich. ACS grade H 3 BO 3 was purchased from Sigma-Adrich. Ultrapure water at a resistivity of 18.2 MX/cm was obtained from a Milli-Q water purification system. PTFE beakers, PFA tubes, jars, and evaporation dishes were purchased from Savillex. A Qsonica 700 sonicator with a Qsonica 431C2 Cup Horn and Qsonica 4905 recirculating chiller was used for the indirect sonication experiments.
NIST Surrogate Post detonation Urban Debris (SPUD) candidate reference material
NIST provided 250 mg of SPUD 1 and SPUD 2 for dissolution and neutron activation analysis experiments. The SPUD material is candidate NIST reference material 4600 and 4601. SPUD 1 contains natural U and SPUD 2 contains highly enriched U. The SPUD differs significantly from refractory mineral reference materials that have previously been used to test dissolution methods for application in post detonation nuclear forensic analysis, containing much higher levels of Fe and Ca than previously analyzed materials. At the time of this publication, certified elemental concentrations of the candidate reference materials were not available. Preliminary U concentration and 235 U/ 238 U isotope ratios were provided by NIST.
Dissolution of SPUD via ABF fusion
The procedure from Hubley et al. [6] was followed for this work. Briefly, 50 mg of SPUD was added to a prewashed PFA vial with 200 mg or 500 mg of ABF for a 4:1 or 10:1 ABF to sample ratio. The mixture was heated at 235°C for 3 h on a hot plate. Temperature was monitored using a chromel-alumel thermocouple. After 3 h the temperature of the hotplate was lowered to 160°C and 2 mL of concentrated HNO 3 was added to the vial. An addition of 200 mg of boric acid was added with the HNO 3 in samples labeled w/H 3 BO 3 in Tables 1 and 2 . The contents were refluxed for 1 h and then transferred to a prewashed evaporating dish. The samples were heated to dryness in the evaporation dish at 240°C. The residue was dissolved in 2 mL of 8 M HNO 3 and transferred to a 50 mL tube diluted to 45 mL with 2% HNO 3 .
Dissolution of SPUD using indirect sonication
The method published by Mason et al. [7] was followed. Briefly, 25 mg of SPUD 1 and 500 mg of ABF were indirectly sonicated with concentrated HNO 3 for 30 min at 55°C using a Qsonica Q700 sonicator set at 700 watts with a Qsonica 4132C2 Cup Horn assembly and a Qsonica 4905 recirculating chiller. Following sonication, approximately 250 mg of boric acid was added to the sample, and the sample was diluted to 8 mL with 2% HNO 3 and sonicated for an additional 5 min. The contents were then transferred to a prewashed evaporating dish and heated to dryness at 240°C. Finally, another 20 mL of 2% HNO 3 or 2% HCl was added and the solution was heated to dryness. Samples The uncertainty follows the ± and is the expanded uncertainty at k = 2. The w/indicates the use of H 3 BO 3 while the w/o indicates that H 3 BO was not used The uncertainty follows the ± and is the expanded uncertainty at k = 2. The w/indicates the use of H 3 BO 3 while the w/o indicates that H 3 BO was not used
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were transferred to a 50 mL vial and diluted with 2% HNO 3 .
Dissolution of SPUD using microwave digestion
A 50 mg sample was dissolved using a microwave digestion procedure described by Hubley et al. [5] . A Milestone Ethos Plus system with high pressure rotor vessels was used. Samples were mixed with 2 mL of concentrated HNO 3 and 2 mL of concentrated HF and heated for 10 min at 400 W to a temperature of 140°C, followed by 25 min at 600 W to a temperature of 190°C. The vessels were cooled to room temperature and then opened for an addition of 23 mL of 4% boric acid. The vessels were then heated for 10 min at 140°C, followed by 25 min at 190°C. After the vessels were cooled, the contents were transferred to 60 mL pre-cleaned bottles and diluted to 50 mL using 18.2 MX water.
Inductively coupled plasma mass spectrometry analysis
Elemental and isotopic ratios of the SPUD were measured using a Perkin Elmer NexION 300X ICP-MS with an HF resistant sample introduction system. The elements Sc, In, and Tl were used as internal standards. External calibration curves were prepared using NIST traceable standards purchased from Inorganic Ventures. The ICP-MS was run in KED mode with He gas flow rates of 2.5 L/min and 4.0 L/min to reduce polyatomic interferences. U isotope ratios were corrected using the exponential model for mass bias using a natural U standard purchased from Inorganic Ventures. The U standard did not have a certified isotope ratio, however the measured 235 U/ 238 U isotope ratio was consistent with the expected natural value of 0.0072 [12] .
Instrumental neutron activation analysis
Three samples of each SPUD material (30 mg each) were weighed into pre-cleaned quartz vials and irradiated for 12 h in the graphite reflector region of the 10 MW research reactor at the University of Missouri-Columbia (MURR). An analysis bundle consisted of a sample of SPUD 1, a sample of SPUD 2, natural U standard, Fe standard, and flux wires. Comparator standards of U were prepared from ICP-MS calibration standard solutions purchased from Inorganic Ventures. Following irradiation, the samples were decayed for 10 days before counting. Each analysis bundle was counted at the same time using three separate Canberra HPGe detectors equipped with Canberra Lynx digital signal processors. Samples and standards were counted 7.5 cm from the face of the detector using a rotator to spin the quartz vial during the count. The detectors have matched relative efficiencies of 37-40% 
Results and discussion
Each digested sample was diluted as described and then filtered with 0.25 lm nucleopore filter paper. Following filtration, samples were aliquoted and diluted to the final volume for ICP-MS analysis. The concentration of selected elements and the U isotope ratios measured in the SPUD samples are reported in Tables 1 and 2 . The microwave digested solutions did not contain visible precipitate on the filter paper. The 10:1 fusions without boric acid resulted in 0.2 mg of white/clear precipitate on the filter paper. The 10:1 fusions with boric acid resulted in 0.3 mg of white/clear precipitate on the filter paper. The 4:1 fusions without boric acid had visible black precipitate in solution. The 4:1 fusions with boric acid had 0.5 mg of white/clear precipitate on the filter paper. The sonication dissolution procedure that used reflux in 2% HNO 3 resulted in black particles. A subsequent sonication dissolution experiment was carried out using 2% HCl instead of 2% HNO 3 in the second sonication step to try and increase dissolution of Fe. The use of HCl reduced the number of black particles on the filter paper.
Concentrations of the major elements Al, Si, Ca, and Fe measured using the dissolution methods and INAA are reported in Table 1 . The Fe levels for the 10:1 ABF fusions, the 4:1 ABF fusion with boric acid, and the microwave digestion method are consistent with the INAA measurement. The ABF 4:1 fusion method without H 3 BO 3 and the ABF sonication methods had low Fe concentrations and black particles were observed in the digestate. The black particles were analyzed by XRF and found to contain Fe. The observation of black particles and lower levels of most elements in Tables 1 and 2 indicate that the SPUD materials were not completely dissolved by the sonication methods and the 4:1 ABF fusion without boric acid.
Loss of volatile elements and volatile fluorides is a concern for both ABF and HF dissolution methods. It is expected that volatile SiF 4 , and potentially other volatile fluorides, are better retained by the closed vessel microwave digestion dissolution without an evaporation step. The prominent difference between the microwave digestion method and the ABF dissolution methods is the Si concentration. Loss of Si has been observed for open vessel ABF fusions and is consistent with the volatility of SiF 4 [4, 13] . Loss of SiF 4 may occur during the fusion and/or the evaporation step. This is supported by the observation that significant loss of Si was observed in the ABF indirect sonication experiments which included an evaporation step but not an ABF fusion step. Mo can also form volatile fluorides and is an important analyte for nuclear forensic analysis. The Mo concentration from the 10:1 ABF fusion methods, the 4:1 ABF fusion with boric acid, and the microwave digestion method are within experimental error. The Mo concentration from the 4:1 ABF fusion method and the sonication method is low. The difference in Mo concentration likely occurs from incomplete dissolution of the SPUD and not from loss of volatile Mo.
Poor recovery of insoluble fluorides is also a concern for digestion methods that use HF acid or ABF [8] . Rare earth elements, alkaline earth elements, Th, and Al form insoluble fluorides. Low recovery of Al by fusion with NH 4 F has been reported in previous studies [13] . Completely eliminating fluoride from the solution could result in precipitation of fluorophile elements, including Ti, Zr, Nb, Hf, and Ta [8] . In Table 2 , there is consistent recovery of Ba, Sr, Nd, Ta, and Th in the ABF 10:1 fusions, the ABF 4:1 fusion with boric acid, the ABF sonication in 2% HCl, and the microwave digestion procedure. These results demonstrate that microwave digestion and ABF dissolution methods result in consistent levels of elements that form insoluble fluorides and the fluorophile Ta which may precipitate without the presence of F in solution. Several other studies have reported good recovery of elements that form insoluble fluorides following ABF fusion of dissolve bauxite ore, malfic, and ultra malfic minerals [4, 13] [5] . Mason et al., examined in-direct sonication with ABF and reported low recovery of Sr, Ba, and Sm in NIST 278 [7] .
The U concentration and the 235 U/ 238 U ratio measured in the dissolved SPUD materials are reported in Table 2 . The preliminary reported U concentration, measured using INAA at NIST, in SPUD 1 is 76.97 lg/g with expanded uncertainty (k = 2) of 1.59 lg/g. The preliminary reported U concentration, measured using INAA at NIST, in SPUD 2 is 93.5 lg/g with expanded uncertainty (k = 2) of 2.2 lg/ g. The U concentrations measured in the SPUD samples by ICP-MS, INAA at MURR and by INAA at NIST are in good agreement.
A limitation of this study is that the element concentration results cannot be directly compared to certified values. The ABF fusion and microwave digestion methods used in this work have previously been successfully applied to dissolve USGS and NIST reference materials [5, 6, 9] . Whenever possible elemental levels in the dissolved SPUD material have been compared to INAA experiments conducted at NIST and MURR. The concentration data in Tables 1 and 2 demonstrates that both of the ABF sonication methods and the 4:1 ABF fusion method result in lower element concentrations than those obtained from the other dissolution methods. The lower elemental recovery and the observation of black particles filtered from the final solutions indicates that both of the ABF sonication methods and 4:1 ABF fusion method without boric acid resulted in incomplete dissolution. Future work on ABF fusions will include evaluation of coupling radiochemical separations to ABF fusions to aid in the detection of fission products and actinides using radiometric techniques.
Conclusions
The digestion of a candidate Surrogate Post-detonation Urban Debris material was examined using microwave digestion, ABF fusion, and ABF indirect sonication dissolution methods. Both the ABF sonication methods and the 4:1 ABF fusion method without boric acid resulted in black particles and lower concentrations of all elements. The 10:1 ABF fusion methods, the 4:10 ABF fusion with boric acid, and microwave digestion methods all resulted in equivalent elemental concentrations for all elements with the exception of Si. All ABF fusion digestion methods resulted in more filtered particles than the microwave digestion methods. This data supports the continued evaluation of open vessel fusion with ABF as a viable tool for rapid dissolution of post-detonation nuclear debris.
